Magnesium-ion conducting gel polymer electrolytes (GPEs) based on PMMA with ethylene carbonate (EC) and propylene carbonate (PC) as a plasticizing solvent were prepared via the solution casting technique. Mg(CF 3 SO 3 ) 2 salt was used as source of magnesium ions, Mg 2+ . The variation of conductivity with salt concentrations, from 5 wt.% to 30 wt.% was studied. The gel polymer electrolyte with composition 20 wt.% of Mg(CF 3 SO 3 ) 2 exhibited the highest conductivity of 1.27 x 10 -3 S cm -1 at room temperature. The conductivity-temperature dependence of gel polymer electrolyte films obeys Arrhenius behaviour with activation energy in the range of 0.18 eV to 0.26 eV. Ionic transport number was evaluated using DC polarization technique and it reveals the conducting species are predominantly ions. It is found that the ionic conductivity and transport properties of the prepared GPEs are consistent with the X-Ray Diffraction (XRD) and Field Emission Scanning Electron Microscopy (FESEM) studies.
Introduction
Many research works on polymer electrolytes have been directed towards advanced batteries technology based on lithium since the rechargeable lithium-ion battery has been one of the best choices in view of its specific capacity and cycle stability. However, lithium-ion batteries are relatively expensive and suffered from safety problem as it requires a high purity argon or helium atmosphere to be handled [1] . Therefore, magnesium-based batteries have attracted researchers in materials science and electrochemical fields owing to their electrochemical properties that closed to lithium-based system [2] . Magnesium is a promising candidate due to its high electrochemical equivalence (2.2 Ah g -1 ), relatively low equivalent weight (12g per Faraday), high melting point (649°C), low cost, high safety, ease of handling, and low toxicity which allows for urban waste disposal [3] [4] [5] [6] .
At present, various gel-type polymer electrolytes that are made by immobilizing magnesium salt and plasticizing organic solvents are proposed in the literature for possible application as electrolytes in electrochemical devices [7] [8] [9] . The addition of an extra amount of polymeric component may prove to provide mechanical stability by increasing the viscosity of electrolyte. In addition, the plasticizing effect would facilitate the ionic transportation within the polymer matrix by forming highly flexible polymer backbone [10] . Compared with other types of polymer electrolytes, gel polymer electrolytes possess higher room temperature ionic conductivity of about 10 -3 S cm -1 and the development of solid-state Mg 2+ conducting electrolytes has become one of the main issues to realize rechargeable solid-state magnesium batteries.
In this work, conductivity, ionic transport, structural and morphological studies have been carried out on poly (methylmethacrylate) (PMMA) based gel polymer electrolytes. Magnesium triflate (MgCF 3 SO 3 ) has been used as source of magnesium ions while the mixture of ethylene carbonate (EC) and propylene carbonate (PC) will act as a plasticizing solvent. This system has been prepared by using solution casting technique. Ionic conductivity and transport number of the GPE samples have been measured by using impedance spectroscopy technique and DC polarization method, respectively. XRD and FESEM studies have been conducted in order to investigate the structural and morphological features of the GPE films.
Experimental

Materials
Poly(methylmethacrylate) PMMA (M w = 996,000), magnesium triflate (MgCF 3 SO 3 ), propylene carbonate (PC) and ethylene carbonate (EC) obtained from Sigma-Aldrich and were used as received without further purification to prepare gel polymer electrolyte films.
Preparation of Gel Polymer Electrolyte (GPE) films
Gel polymer electrolyte films were prepared by varying the weight percentages of salt from 5wt.% to 30wt.% in a fixed weight of polymer, PMMA and a fixed weight ratio 2:1 of EC:PC. The salt was dissolved in the mixture of plasticizing solvent followed by addition of PMMA. The solution was then stirred continuously for several hours until the homogenous viscous mixture was obtained. The solution then was cast onto petri-dish and allowed to evaporate at room temperature until the gel film was formed. The films formed are mechanically stable and free standing with thickness range of 0.07 to 0.15 cm.
Characterizations
Ionic conductivities of gel polymer electrolyte films were evaluated from the complex impedance method at room temperature by using HIOKI 3532 LCR impedance analyzer with the frequency range from 1 Hz to 1 MHz. The films were sandwiched between stainless steel blocking electrodes and the R b was determined from the Cole-Cole plot. Then, the ionic conductivity was calculated using the following question;
where t is the thickness of the GPE films, R b is the bulk resistance and A is the area of stainless steel electrodes. The ionic conductivity was also measured as a function of temperature in the temperature range from 303 K to 373 K for samples containing 5wt.% , 20wt.% and 30wt.% of magnesium triflate, Mg(CF 3 SO 3 ) 2 . Transport number was measured using DC polarization method. The samples were also characterized using X-Ray Diffraction (XRD) and Field Emission Scanning Electron Microscopy (FESEM) for structural and morphological studies.
Results and discussion
Ionic Conductivity Studies The ionic conductivity versus salt content for PMMA-EC-PC-Mg(CF 3 SO 3 ) 2 gel polymer electrolyte system with varying weight percentage of salt is shown in Fig. 1 . It can be observed that the conductivity is increased as the salt content increases up to 20 wt.%. This is due to the high amorphousness of the GPE films which provides more free mobile Mg 2+ ions thus giving rise to higher conductivity. Maximum value of conductivity obtained for this system at room temperature is 1.27 x 10 -3 S cm -1 . However, when more than 20 wt.% of Mg(CF 3 SO 3 ) 2 have been added, the conductivity decreases and this might be due to ion-pair or ion aggregates formation. Higher amount of salt incorporated in the polymer electrolytes leads to increase the viscosity of the GPE films. As a result, free space for ion transportation is reduced and then impedes the mobility of charge carriers. Hence, the ionic conductivity is decreased [11] . 
where σ o is the pre-exponential factor, E a is the activation energy, k is the Boltzman constant and T is the temperature in Kelvin. The activation energy, E a was determined using Eq. (2) and the values were found to be in the range of 0.18 to 0.26 eV. The activation energy values obtained in this work is within the range between 0.03 and 0.36 eV as reported by Kumar et al. [12] . Since the log σ versus 1000/T plot is Arrhenian, it may be inferred that the Mg 2+ ions is transported via hopping mechanism [13] .
Transport Number Studies
The ionic transport number (t ion ) has been evaluated using the DC polarization method. In this method, the DC current is monitored as a function of time on the application of fixed DC voltage (0.5 V) across the GPE films using stainless steel blocking electrodes. The value of t ion is determined from the equation;
where i e and i T are the electronic and total current, respectively. Fig. 3 It is observed that the values of ionic transference number for the films containing 5wt.%, 20wt.%, and 30wt% of Mg(CF 3 SO 3 ) 2 salt are found to be more than 0.99. The current decreases with time show that the total conductivity of the polymer electrolytes is predominantly ions. Thus, it proved that Mg(CF 3 SO 3 ) 2 salt has provided Mg 2+ ions as mobile species in the GPE films. No electronic charge carriers that can contribute to conductivity is expected in the gel-like electrolytes where liquid electrolytes are entrapped in the almost network of polymer hosts and liquid-like charge transport takes place in such systems [14] .
XRD Analysis X-ray Diffraction (XRD) measurements were performed on GPE films based on PMMA to examine the nature of crystallinity and the amorphousness of the films. The analysis was performed on the pure PMMA film, pure Mg(CF 3 SO 3 ) 2 salt, and also for the films containing 5 wt.%, 20 wt.% and 30 wt.% of Mg(CF 3 SO 3 ) 2 . Figure 4(a) shows that XRD pattern of pure PMMA film exhibits the typical characteristic of a semi-crystalline structure with the existence of mixed crystalline and amorphous regions. No strong diffraction peaks is observed and this proved the semicrystalline nature of the polymer. Higher conductivity results from lower degree of cystallinity that assisted Mg 2+ ions movement in the polymer network. From these observations, it is confirmed that the complexation has been occurred in the GPE films. Therefore, it can be inferred from the XRD patterns that the amorphous region in GPE films has increased significantly which leads to higher conductivity [15] .
FESEM Analysis
The morphological properties of the gel polymer electrolyte films were observed using Field Emission Scanning Electron Microscopy (FESEM). The micrographs obtained from FESEM will provide important information on the surface structure and morphology of each film. In this work, FESEM micrographs of the films were obtained for pure PMMA and GPE samples containing 5 wt.%, 20 wt.% and 30 wt.% of Mg(CF 3 SO 3 ) 2 . Fig. 5(a) shows the FESEM image for pure PMMA GPE film, it can be observed that small craters with average pore size of 1µm is formed.
142
Green Technologies for Sustainable & Innovation in Materials When 5 wt.% of salt is added, it can be seen that the size of pores are decreases and the surface of the film becomes smooth and homogenous as shown in Fig. 5(b) . This confirmed that there is an interaction between the plasticized PMMA and the Mg(CF 3 SO 3 ) 2 salt. Due to this interaction, the crystalline phase in this film is reduced and more amorphous regions are formed. This result is in accordance with the XRD patterns as depicted in Fig. 4(a) and 4(c). On addition of 20wt.% of Mg(CF 3 SO 3 ) 2 salt, the well distributed spherical and elongated grain structures in the film is observed as shown in Fig. 5(c) . Therefore, phase separation is absent in this GPE film. As a result, the charge carriers can be transported quickly and easily without the presence of blocking phase and hence the highest ionic conductivity is obtained in this film. When more than 20 wt.% of salt is added, Mg(CF 3 SO 3 ) 2 salt tends to aggregate as can be seen in Fig. 5 (d) . The formation of globular agglomeration at higher salt content ultimately leads to the formation of phase separation thus hinders the migration of Mg 2+ ions in the polymer matrix which in turn reduces the ionic conductivity [16] .
Conclusions
Gel polymer electrolytes comprising of a fixed amount of PMMA and plasticizing solvent, EC and PC with varied amount of Mg(CF 3 SO 3 ) 2 salt have been prepared by using solution casting technique. The sample containing 20 wt.% of Mg(CF 3 SO 3 ) 2 exhibits the highest ionic conductivity of 1.27 x 10 -3 S cm -1 at room temperature. The temperature-dependence study proved that it follows the Arrhenius behaviour. The ionic transport number estimated by the DC polarization method revealed that the ionic transport in the GPE films is due to Mg 2+ ions. The XRD studies confirmed that the complexation occurred in the prepared GPE films. The FESEM results are in accordance with conductivity and XRD studies which the highest conducting sample shown the most amorphous region.
